Objectives Objectives of this study were to compare radial time-resolved phase contrast magnetic resonance imaging (4D Flow-MRI) with perivascular ultrasound (pvUS) and to explore a porcine model of acute pre-hepatic portal hypertension (PHTN). Methods Abdominal 4D Flow-MRI and pvUS in portal and splenic vein, hepatic and both renal arteries were performed in 13 pigs of approximately 60 kg. In six pigs, measurements were repeated after partial portal vein (PV) ligature. Interand intra-reader comparisons and statistical analysis including Bland-Altman (BA) comparison, paired Student's t tests and linear regression were performed.
spread of results. A model of pre-hepatic PHTN was successfully introduced and acute responses monitored. Key Points • Radial 4D Flow-MRI in the abdomen was successfully compared to perivascular ultrasound.
• Inter-and intra-reader testing demonstrated excellent reproducibility of upper abdominal 4D Flow-MRI. • A porcine model of acute pre-hepatic portal hypertension was successfully introduced.
• 4D Flow-MRI successfully monitored acute changes in a model of portal hypertension.
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Introduction
Portal hypertension is an important complication of end-stage liver disease that can result in dramatic alterations in blood flow to the liver and mesenteric circulation [1] . Portal hypertension is defined as an abnormally elevated pressure gradient between the portal and systemic venous system. If the gradient exceeds 10 mmHg, complications such as the development of portosystemic venous collaterals can occur. Indeed, one of the dreaded complications of portal hypertension is the rupture of gastro-oesophageal varices, with subsequent exsanguination and death [2] . Currently, portal hypertension is assessed using invasive catheter-based measurements of the wedged hepatic venous pressure gradient (HVPG) [3] . Although necessary for definitive assessment of portal hypertension, HVPG measurements and their repetition for therapy follow-up are limited by their invasive nature, cost and the inability to assess the distribution of blood flow through various portosystemic venous collaterals. For these reasons, a comprehensive, noninvasive method for the evaluation of blood flow in both normal and diseased states is needed.
Recent advances in time-resolved, three-dimensional and three-directionally velocity sensitive magnetic resonance imaging (B4D Flow-MRI^) have made the noninvasive quantification of blood flow to the entire hepatic vasculature possible [4] [5] [6] [7] [8] [9] . Radial [4-6, 10, 11] and Cartesian [7] [8] [9] [12] [13] [14] data sampling schemes have been successfully applied and compared [15] to evaluate upper abdominal and hepatic blood flow. In principle, Cartesian scans have had limited volumetric coverage and are typically focused on the hepatic vessel supply including the portal vein and its proximal tributaries and branches as well as the hepatic artery [7, 9, 16] . Expanded volumetric coverage using Cartesian strategies requires prolonged acquisition times, increased voxel size or advanced spatiotemporal accelerations schemes such as kt-PCA or kt-GRAPPA [17, 18] . Radial 4D Flow-MRI as performed in PC-VIPR (Phase Contrast Vastly undersampled Isotropic Projection Reconstruction) [19] , however, has successfully addressed these limitations through the use of radial undersampling which allows for large volumetric coverage of the entire liver in reasonable acquisition times, and very high spatial resolution [4] [5] [6] 10] .
A major shortcoming of all 4D Flow-MRI methods is the lack of an independent reference standard to validate quantitative velocity and flow measurements, especially for noninvasive in vivo measurements [20] . Previous studies validating flow volumes or velocities have been performed in vitro or have been limited to internal consistency comparisons such as comparisons with cardiac outputs from volume measurements [21] , 2D phase contrast (PC) MRI [11, 22] or both [23, 24] . Similarly, conservation of mass analyses have also been performed [5] .
Perivascular ultrasound (pvUS) is well accepted as an independent reference standard to quantify blood flow, has been used successfully to validate quantitative 2D phase contrast MRI in the chest [25] and is not dependent on catheterization like the thermodilution (i.e. Fick's) method [26] . Therefore, the purpose of this study was twofold: The primary aim was to compare blood flow measurements in the portal and abdominal circulation made with radial 4D Flow-MRI using pvUS as an independent reference standard. The secondary aim of this study was to explore a porcine model of portal hypertension using a pre-hepatic partial portal vein ligature.
Materials and method
Studies were performed in 13 pigs of approximately 60 kg body weight after approval of the local Research Animal Resources Center (RARC). Food was withheld for 10-12 h prior to the procedure. During the entire procedure, pigs were kept on a respirator in deep anaesthesia following an RARCapproved protocol: anaesthesia was induced with 1-3 mg/kg body weight (BW) xylazine HCl (Rompun™, Bayer HealthCare, Shawnee Mission, KS) and 4-7 mg/kg BW Telazol® (tiletamine HCl and zolazepam HCl, Zoetis, Kalamazoo, MI). Also, 0.05 mg/kg BW atropine was given as an intramuscular injection. Pigs were intubated with a size 5-7 endotracheal tube. Artificial ventilation was started after correct tube placement was confirmed by auscultation. Artificial ventilation was started promptly adding 1.0-4.0% isoflurane (Isoflurane USP, Piramal CriticalCare Inc., Bethlehem, PA) for continuous general anaesthesia. Animals were constantly monitored for depth of anaesthesia, heart rate and temperature. After termination of experiments, pigs were euthanized during ongoing anaesthesia per RARC-approved protocol with pentobarbital sodium and phenytoin sodium (Euthasol®, Virbac, St. Louis, MO).
After anaesthesia was induced, open laparotomy was performed on all pigs by an experienced hepatobiliary surgeon (E.W.) to expose the relevant blood vessels and facilitate pvUS flow measurements (details below). In the first six animals, pvUS was performed before the animals were moved to the MRI suite. In the remaining seven animals, initial MRI experiments were performed before laparotomy. After the preoperative MRI, laparotomy was performed to allow pvUS. Subsequent partial portal vein ligature (details below) was followed by repeat pvUS and MRI.
Surgical preparation and induction of portal hypertension
The following vessels were accessed through careful dissection of surrounding tissues: main portal vein, splenic vein, left and right renal arteries, and common hepatic artery. Ultrasound probes were gently placed around each vessel and held in place for at least 30 s while three consecutive pvUS flow measurements were recorded (see below).
For the seven animals in which portal vein ligature was performed, each vascular location was secured by a rubber vessel loop after the ultrasound probe was removed. Then, the extrahepatic portal vein was partially ligated with at least 3 cm distance proximal to the portal vein bifurcation using a size 4 non-absorbable suture. To achieve a constant degree of stenosis, the ligature was placed around the portal vein using an 8 mm (5/16^) Allen wrench, which was removed immediately after the ligature was secured. Following the ligature, a resting period of about 30 min was allowed for the immediate haemodynamic responses to equilibrate. After this rest period, pvUS was repeated, followed by repeat MRI.
MR imaging
MR imaging was conducted on a clinical 3T MRI system (Discovery MR 750, GE Healthcare, WI) using a 32-chanel body coil (NeoCoil, Pewaukee, WI). The imaging protocol for both MRI sessions consisted of localizer sequences, bi-phasic (arterial and portal venous) contrast-enhanced MR-angiography (CE-MRA) performed using 0.03 mmol/kg of gadofosveset trisodium (Ablavar, Lantheus) to facilitate prescription of flow acquisitions ( Fig. 1 ) and to improve SNR of radial 4D Flow-MRI measurements [27] . The contrast agent for CE-MRA was administered as a slow manual bolus through a limb vein followed by 30 ml saline. Image acquisition parameters for retrospectively ECG-gated 4D Flow-MRI included 5-point PC-VIPR [19, 28] . Further sequence details can be found elsewhere [23] . The typical acquisition time was about 10-12 min. Data were reconstructed to 12 timeresolved frames during the cardiac cycle. Phase velocity images for each velocity encoding direction and a magnitude image were reconstructed for each time frame. Further, a time-averaged complex difference MR angiogram was reconstructed to provide an anatomical angiogram of the abdominal vasculature. During the reconstruction process, automatic correction for Maxwell terms and eddy currents using secondorder polynomials was performed.
Image analysis
Offline vessel segmentation using MIMICS (Materialize, Leuven, Belgium; Fig. 2a, d ) preceded data visualization using EnSight (CEI) to position cut-planes orthogonal to each vessel of interest. Cut-planes were exported into FlowTool, a Matlab-based software for flow quantification [29] . During quantification, all vessels of interest were manually segmented by the reader throughout the cardiac cycle.
For the inter-and intra-reader comparison, MRI flow measurements from a subset of seven randomly chosen pigs (prior to any portal vein ligature) were reanalysed by one reader (for intra-reader comparison) and by a second reader (for interreader comparison). The initial reader waited an interval of approximately 6 months to avoid recognition effects during the intra-reader comparison.
Perivascular ultrasound
Perivascular ultrasound (pvUS) was performed using a pre-calibrated ultrasound flow meter (Transonic Perivascular Ultrasound TS 420, Transonic, Ithaca, NY) with perivascular flow probes of varying diameters carefully adapted to each vessel's diameter (PS and PAU series Transonic probes covering diameters from 4 to 24 mm in 2-mm steps were used). The flow meter was connected to a personal computer to digitally store data in LabChart (v7.1; ADInstruments, Colorado Springs, CO) for offline analysis. Vessels of interest included the main portal vein (PV), splenic vein (SV), hepatic artery (HA), left and right renal artery (LRA, RRA); see Fig. 1 for vessel locations.
Before the start of each acquisition, pvUS probe readings were nulled. During the procedure, each vessel was carefully accessed by an experienced hepatobiliary surgeon. PvUS probes were positioned such that there was no air between probe and vessel using ultrasound gel. Data in each location were acquired three times in each vessel for approximately 30 s before assessing the next vessel. After each of the three measurements for each vessel, the pvUS probe was taken off the vessel and repositioned. The average of the three acquisitions was used for the subsequent analysis. Any data in vessels that experienced vasospasm or with aberrant flow waveforms were discarded. No additional drugs were administered to avoid or release vasospasm.
Statistical analysis
Data are reported as mean ± standard error of the mean (SEM) if not stated otherwise. Flow measurements based on 4D Flow-MRI and pvUS were compared using Bland-Altman analysis [30] (BA) and are given as mean difference ± 1.96 standard deviations [lower BA window; upper BA window]. A Shapiro-Wilk test was performed to confirm normal distribution of data. Linear regression analysis was conducted to analyse inter-and intra-reader agreement and was additionally applied to further characterize agreement between pvUS and 4D Flow-MRI acknowledging that neither one is the ground truth. Paired Student's t tests were performed to compare flow measurements made both pre-and postligature of the portal (p < 0.05 indicating significant differences). Data were analysed using SPSS Statistics (v23.002, IBM, Armonk, NY).
Results
Baseline MRI and pvUS measurements were successfully performed in all 13 animals. Portal vein ligature was successfully performed in the sub-study of seven animals. However, one animal had to be euthanized prior to the second set of pvUS measurements because of a post-procedural complication unrelated to the portal vein ligature.
Seven of the pre-ligature pvUS measurements from the renal arteries (LRA = 4; RRA = 3) revealed pathological, spastic waveforms and were excluded from further analysis. One right renal artery was not surgically accessible. Similarly, after portal vein ligature, assessment of two hepatic arteries and of one right renal artery was not possible because of vasospasm (n = 2) and vessel inaccessibility (n = 1). Overall, 57 out of 65 baseline validation vessel measurements were successfully performed by both pvUS and MRI. After portal vein ligature 27 out of 30 vessels were successfully evaluated using both pvUS and MRI.
Representative examples of anatomical segmentation and flow visualization from 4D Flow-MRI are shown In the pre-ligature baseline study, agreement between pvUS and MR was good with a mean flow of all tested vessels of 322 ± 30 ml/min (USpre) vs. 297 ± 27 ml/min (MRpre) (p = 0.294). Bland-Altman analysis revealed a small mean flow underestimation of 25 ml/min [−322; 372] by MRI (Fig. 3) . As depicted in Table 1 , this spread was consistent throughout arterial and portal venous measurements. There was a trend towards underestimation of MRI in both the arterial and in the portal venous vessels.
The inter-reader comparison for pre-ligature data was tested using Bland-Altman analysis (Fig. 4a, b) revealing a mean difference ± 1.96 standard deviations of −5 ± 80 ml/min [−165 ; 154] for all tested vessels. Similarly, Bland-Altman analysis demonstrated good agreement for the intra-reader comparison with −2 ± 14 ml/min [−29 ; 26] (Fig. 4c, d) .
After portal vein ligature, similar results were found for arteries and veins with a mean flow of all tested vessels of 297 ± 27 ml/min before portal vein ligature decreasing to 243 ± 32 ml/min (p = 0.291) after portal vein ligature. Bland-Altman analysis confirmed a small mean underestimation of 23 ml/min [−196 ; 242] by MRI. Table 1 contains the pooled data and results for subsets of vessels. As shown in Fig. 5 , both pvUS and MRI detected decreased portal venous system flow (PV and SV) after comparing pre-and post-procedural Similarly, blood flow in the splenic vein decreased from 182 ± 30 to 130 ± 32 ml/min (p = 0.009) (Fig. 5) . The average flow in the hepatic artery showed a slight increase of 277 ± 36 to 331 ± 65 ml/min, although not significant (p = 0.659).
Discussion
In this work, we have successfully compared radial 4D Flow-MRI for the quantification of blood flow to clinically relevant blood vessels of the upper abdomen including the portal vein, splenic vein, hepatic artery and renal arteries. There was good overall agreement between 4D Flow-MRI and pvUS and excellent reproducibility regarding the inter-and intra-reader agreement. The results provide important data comparing radial 4D Flow-MRI with an independent reference standard to quantify blood flow in the abdomen, thus contributing to the unmet need for definitive validation in the field of 4D Flow-MRI [20] . Further, we demonstrated the feasibility of creating statistically significant flow alterations in the portal vein through the use of a portal vein ligature, creating a model of acute pre-hepatic portal hypertension.
PvUS has been previously and successfully applied to validate 2D phase contrast in the major thoracic vessels [25] . However, this approach is highly invasive and requires an open surgical approach to expose the relevant mediastinal vessels to position the US flow probe. Similarly, our study setup was highly invasive resulting in assessment of an incomplete set of upper abdominal vessels only. Thus, invasive validation studies such as ours are only appropriate as part of large animal studies, and only once indirect validation methods such as conservation of mass [5] or validation with 2D flow MRI methods have been exhausted.
There were several limitations of the study. In addition to the inaccessibility of some vessels, a major challenge that we experienced was the presence of arterial vasospasm, particularly in the renal arteries. Also, the spread of differences between MRI and pvUS as revealed by the Bland-Altman analysis is of concern.
Although the spread is more apparent at higher values ( Fig. 3a) there is still considerable variance that cannot be attributed to a single cause. It is likely that there is substantial contribution from the complex experimental setup where variables such as vasospasm or influence of anesthetic drugs cannot be fully controlled. Differences in flow measurements made between 4D Flow-MRI and pvUS were smaller in the portal venous in comparison to differences in flow measurements made in the arteries. This effect is likely due to vasoreactivity of the arteries, or potentially from limitations of MRI and/or pvUS to measure flow in the setting of arterial pulsatility. Further, it should be noted that the technical specifications of the pvUS flow probe vendor describe technical accuracy of ±10% of flow measurements, which is typical for state-of-the-art ultrasonic flow probes. Differences between flow measurements made using 4D Flow-MRI and pvUS were less than or around this tolerance, demonstrating good agreement between MRI and pvUS within the technical capabilities of the reference standard.
An additional limitation of our study was that our experimental setup used a relatively high velocity encoding sensitivity (V enc ) relative to the expected portal venous flow velocities in the portal venous system, especially in the presence of portal hypertension [7] . The V enc used for this study was chosen as a trade-off between accurate velocity measurements in the portal circulation, where velocities are lower, and the need to avoid velocity aliasing in arteries where velocities are higher. This too may have contributed to differences in arterial and portal venous flow comparisons. Of note, dual V enc approaches or dual scanning methods with low and high V enc are a feasible approach to avoid this trade-off, but are time consuming and not clinically practical at this time [28, 31, 32] .
Finally, an automated, comprehensive correction for Maxwell terms and eddy currents [33] using second-order polynomials and a 3-dimensional fit was used to correct for phase-related velocity errors [34] . Although such approaches are widely used for 4D Flow-MRI, residual errors exist [35, 36] that may have contributed to the differences between ultrasound and MRI acquisitions. As shown elsewhere, there seems to be room for improvement using a correction with a phantom or static tissue [23] .
In this study we also quantified the change in blood flow in response to partial portal vein ligature. A statistically significant decrease in portal venous and splenic venous blood flow was achieved, indicating the successful induction of portal hypertension. The decrease in splenic vein flow is likely due to the acute increase in resistance and the fact that collaterals cannot be recruited rapidly in this acute phase. Alternatively, a reflex pathway with splenic extravasation and reduced splenic vein flow has been postulated in a small animal model of presinusoidal portal hypertension [37] . Similarly, the average flow in the hepatic artery showed a slight increase, which is likely due to the hepatic arterial buffer response (HABR)-a well-described response to decreased portal venous flow [38] . However, with our experimental setup and available equipment, it was not possible to measure HVPG directly, to serve as definitive evidence for portal hypertension. A further potential drawback of this model may be seen in the fact that prehepatic portal hypertension does not fully emulate the haemodynamic changes seen with cirrhosis, which causes portal hypertension due to fibrosis at the level of the hepatic sinusoid. Regardless, we believe that there is value to the induction of acute pre-hepatic portal hypertension, especially as it is highly relevant for anastomotic portal vein stenosis in patients with liver transplantation or may serve as a model for subsequent changes to the splanchnic and portosystemic circulation. Further, portal vein ligature leads to large alterations in abdominal blood flow to the liver, which is useful for validating noninvasive blood flow measurement methods such as 4D Flow-MRI or may serve as model for the haemodynamic changes seen with medication known to alter blood flow. We preferred the pre-hepatic model as more time-efficient compared to other models of induced portal hypertension such as chronic alcohol injection or bile duct ligature [39] [40] [41] [42] .
In conclusion, we have successfully compared radial 4D Flow-MRI to quantify blood flow in clinically relevant blood vessels of the abdomen, including the portal vein, using pvUS as an independent reference standard. While results matched well and inter-and intra-reader comparison revealed excellent reproducibility, the considerable Bland-Altman spread is of concern and demands further attention. Further, we also demonstrated the feasibility of a pre-hepatic model of portal hypertension using portal vein ligature. Future research is warranted to better understand the time course and long-term haemodynamic responses of portal vein ligature, as well as its potential contribution to the investigation of liver disease and its haemodynamic effects in humans.
